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arousal; cortical excitability; direct electrical stimulation; locus coeruleus; neuromodulation THE LEVEL OF NOREPINEPHRINE (NE) in the brain modulates a variety of cognitive capacities such as perception, attention, learning, working memory, and behavioral flexibility (Sara 2009 ). The brain stem neuromodulatory nucleus locus coeruleus (LC) is a major source of NE in the forebrain. Being a part of a so-called diffuse ascending arousal system, LC terminals are widely spread throughout the brain (Jones and Moore 1977; Lindvall et al. 1978) and have both synaptic and volume transmission (Beaudet and Descarries 1978) . The anatomical organization of the LC-NE system and physiological properties of LC-NE neurons underlie a broad range of neuromodulatory effects of NE that are expressed with diverse specificity at different timescales, from milliseconds to hours (Moore and Bloom 1979) . The global-local neural interactions between widely distributed LC-NE efferents and excitatory/ inhibitory circuits in the LC projection targets result in eventspecific local processing optimization (Aston- Jones and Cohen 2005; Berridge and Waterhouse 2003; Sara 2009 ), yet relatively little is known about these interactions, as well as about the behavioral consequences of LC event-triggered phasic activation.
The involvement of the LC-NE system in regulating brain functions such as sleep/awake cycle, vigilance state, or modulation and optimization of information processing is well recognized (Aston- Jones and Cohen 2005; Berridge 2008; Berridge and Waterhouse 2003) . A relatively recent hypothesis focuses on the attempt to explain the effects of LC phasic activation, or burst discharge of LC-NE neurons (as opposed to tonic fluctuation of the firing rate). LC burst discharge, which is the most efficient for NE release (Berridge and Abercrombie 1999; Devoto et al. 2005; Florin-Lechner et al. 1996) , can be elicited by nonspecific alerting external (Cedarbaum and Aghajanian 1978; Foote et al. 1980) or internal (Groves et al. 2005) stimuli but also by conditioned stimuli or internally generated outcomes of the decision-making processes related to performance of a goal-directed behavior (Aston- Jones et al. 1994; Bouret and Richmond 2009; Bouret and Sara 2004) . The current theory suggests that phasic LC activation may serve as an "interrupt" or "reset" signal in relation to the behaviorally relevant events and that the concurrent NE release in the multiple forebrain targets of LC facilitates dynamic reorganization of the local neural networks according to the ongoing behavioral demands (Bouret and Sara 2005; Dayan and Yu 2006; Hermans et al. 2011) . In all of the diverse behavioral instances triggering LC phasic discharge, the associated NE release may alter properties of large-scale neural populations immediately after a salient external or internal event. However, experimental characterization of the temporal and spatial discreteness of NE effects has always presented a challenge, and it remains poorly understood.
Earlier studies have demonstrated that bursts of LC activity increase the signal-to-noise ratio of thalamic and cortical sensory-evoked responses (Bouret and Sara 2002; Devilbiss et al. 2006; Devilbiss and Waterhouse 2011; Kayama and Sato 1982; Lecas 2004; Sato et al. 1989; Snow et al. 1999) . Such beneficial impact of LC phasic activity on sensory information processing in the upstream LC targets may result from a reduced afterhyperpolarization or decreased background firing of target neurons (see Sara 2009 for review). Much less is known about the physiological effects of phasic NE release in associative cortical regions, such as the medial prefrontal cortex (mPFC), that are critical for higher-order cognitive functions. The LC phasic response to a salient stimulus is thought to beneficially contribute to attention, working memory, or behavioral flexibility by affecting the prefrontal NE neurotransmission (Arnsten 2011; Aston-Jones and Gold 2009; Berridge and Waterhouse 2003; Sara 2009 ). Nonetheless, to the best of our knowledge, the effects of phasic NE release on the responsiveness of mPFC neurons has never been described in detail.
To study the effective connectivity of LC and its ability to shape and optimize cortical activity with fine temporal resolution, the application of methods allowing fast modulation of local LC activity, for example, direct electrical stimulation (DES), is of obvious advantage. DES is a classical experimental tool that can robustly excite the axons of a stimulated brain region and therefore modulate its output at the temporal resolution of milliseconds (Borchers et al. 2012; Butovas and Schwarz 2003; Cohen and Newsome 2004; Grill et al. 2004; Histed et al. 2009; Ranck 1975; Tehovnik et al. 2006) . Earlier studies demonstrated that LC-DES caused EEG desynchronization (Dringenberg and Vanderwolf 1997) . At the single-unit level, both excitatory and inhibitory effects in cortex due to LC stimulation have been reported (Dillier et al. 1978; Mantz et al. 1988; Olpe et al. 1980; Phillis and Kostopoulos 1977; Sato et al. 1989) . Importantly, the response of LC-NE neurons to DES-conducted with highly variable stimulation parameters-was not monitored, and therefore the effects of LC-DES on cortical activity cannot be easily compared to the cortical effects of the naturalistic stimulus-evoked bursts of LC firing. It follows that a comprehensive study of the effects of multiple stimulation conditions on the LC-NE neurons themselves, as well as on cortical ongoing activity, is a necessary step forward in elucidating the role of the LC-NE system as cortical state modulator.
We sought to characterize neural responses in both the modulating (LC) and the target (mPFC) structure under a variety of LC stimulation conditions. Our results show that injection of a threshold current in one LC typically evokes a bilateral LC discharge followed by inhibition. In mPFC, mild LC stimulation appears to elicit excitation in a substantially greater proportion and inhibition in a smaller proportion of neurons. The resulting shift in excitation/inhibition balance is reflected in the local field potential (LFP), which indicated an activated cortical state. The responsiveness of mPFC neurons was proportional to the degree of cortical activation elicited by LC-DES. These findings suggest that LC phasic activity may rapidly modulate the mPFC state for optimal processing of behaviorally relevant events.
METHODS

Animals.
Nineteen male Sprague-Dawley rats (200 -350 g, Charles River) were used in the study. All experimental procedures were approved by and carried out in accordance with the local authorities (Regierungspräsidium) and were in full compliance with the European Parliament and Council Directive 2010/63/EU on the protection of animals used for experimental and other scientific purposes.
Anesthesia. Experiments were performed under urethane anesthesia (1.5 g/kg ip). The depth of anesthesia was monitored by ensuring lack of responses to mildly noxious stimuli (pinch of hind paw). Typically, a single injection of urethane was sufficient to maintain a deep level of anesthesia for up to 10 h; drug supplements (10% of the initial dose) were given as needed. The rats' heart rate and blood oxygenation were monitored with a pulse oximeter (Nonin 8600V, Nonin Medical, Plymouth, MN), and oxygen was provided to maintain the blood oxygenation level above 80%. The body temperature was maintained at 37°C throughout the experiment.
Surgery and electrode placement. A fully anesthetized rat was fixed in a stereotaxic frame. The head angle was set at 0°. The skull was exposed, and local anesthetic (Lidocard 2%, B. Braun, Melsungen, Germany) was applied on the skin edges to additionally numb the skin. Burr holes were made above the electrode placement, and dura mater was removed. The electrodes were placed in the target brain areas with stereotaxic micromanipulators (David Kopf Instruments, Tujunga, CA); the final adjustment of the electrode position was guided by online monitoring of neural activity. Thirty-two-channel silicone-based microelectrode arrays (NeuroNexus Technologies, Ann Arbor, MI) were used for mPFC recordings. The array consisted of four shanks (0.4-mm spacing) with two tetrodes on each shank (0.5-mm distance between tetrodes). The electrode array was placed in the mPFC such that four shanks would cover ϳ1.2 mm in the anterior-posterior direction (ϳ3-4 mm anterior to bregma); all four shanks were placed ϳ0.5 mm lateral to the midline targeting deep cortical layers and lowered at depth ϳ3.5-4.0 mm from the brain surface. At least one electrode contact of the array was used for a wide-band (0.1 Hz-8 kHz) recording. For LC simultaneous recording and stimulation we used custom-made glass-coated iridium electrodes (0.075-mm wire diameter; impedance ϳ300 -400 k⍀). In some experiments, 16-channel linear microelectrode arrays (NeuroNexus Technologies) with 0.1-mm spacing between the electrode contacts were used for multisite recording and stimulation within the LC. The LC electrode was implanted at an angle of 15°at the following coordinates: 4.0 -4.2 mm posterior to lambda, 1.2 mm lateral to the midline, 5.5-6.2 mm deep from the brain surface. For recording in the contralateral LC, a single tungsten recording electrode (FHC, Bowdoin, ME) was positioned with the same coordinates. A reconstruction of all recording sites is shown in Fig. 1 . A silver wire inserted in the muscle tissue on the rat's head served as the ground for both recording and stimulation.
Direct electrical stimulation and recordings. For simultaneous recording/stimulation, we used a custom-made glass-coated iridium electrode or one contact of the linear array (NeuroNexus Technologies) placed in the LC core (Fig. 1) . A custom-built electric switch between the recording and stimulation modes was software controlled such that the stimulation mode was switched on 1 ms before LC-DES and switched off immediately after stimulation offset. Monopolar DES was applied unilaterally to the LC core with biphasic (cathodal leading) square pulses (0.1-0.5 ms, 0.01-0.2 mA). Each LC-DES parameter was repeated 30 times with an interstimulus interval of 4 s. We tested a wide range of single pulse (SP)-DES parameters in order to establish the most effective LC-DES parameters for efficient activity modulation within the entire LC nucleus, while preventing local tissue damage. In our experience, currents exceeding 0.1 mA frequently led to complete loss of LC spiking activity at the dual recording/stimulation electrode. On the basis of our preliminary observations and existing knowledge, the pulse train (TR)-DES conditions were restricted to pulse duration of 0.4 ms, as more efficient for unmyelinated nerve fibers, and current intensity of 0.03 mA and 0.05 mA. We chose a relatively low frequency of LC-DES, taking into account the fact that LC-NE neurons do not naturally express high firing rates. Earlier studies showed that LC stimulation at ϳ20 Hz results in both local (in LC) and distal (in mPFC) NE release (Florin-Lechner et al. 1996; Huang et al. 2007) . We aimed to establish the minimal, but effective, LC-DES parameters for detecting changes in mPFC neural activity. Therefore, TR-DES was applied for 50 -200 ms at 20 -50 Hz.
Monopolar stimulation within the current range used in the present study (Ͻ0.2 mA) is estimated to activate cells within a maximal radius that would not exceed 0.5 mm when cell bodies are stimulated (Ranck 1975 The extracellular signals were high-pass filtered (0.1 Hz-8 kHz) with an in-house custom-designed and built preamplifier and amplified (ϫ2k) with an Alpha Omega multichannel processor (MPC Plus, Alpha Omega, Alpharetta, GA). The signals were digitized at 24 kHz with a CED Power1401mkII converter and Spike2 data acquisition software (Cambridge Electronic Design). Power-line noise (50 Hz) was reduced during data acquisition by a high grade of grounding in the electrical infrastructure of the recording room, by grounding every device to a single point, and by keeping the grounding short. The data recorded and analyzed here were minimally affected by line noise contamination.
Identification of LC neurons. The following criteria were used for identification of LC neurons: 1) broad spike widths (ϳ0.6 ms), 2) regular low firing rate (1-2 spikes/s), and 3) a brief excitation followed by prolonged inhibition in response to pinch of the contralateral paw (Cedarbaum and Aghajanian 1978) . The neurochemical nature of the recorded LC neurons was also verified by injection of clonidine (0.05 mg/kg ip) at the end of each experiment. Clonidine binds to inhibitory ␣ 2 -autoreceptors and results in complete inhibition of LC-NE neurons (Aghajanian and VanderMaelen 1982) .
Signal processing. The LFP was extracted from the raw broadband signal recorded in one of the electrodes in mPFC by band-pass filtering between 1 and 250 Hz and downsampling at 500 Hz. The band-limited LFP signals were generated with the following bandwidth settings: delta (1-4 Hz), theta (4 -8 Hz), alpha (8 -11 Hz), sigma (11-15 Hz), beta (15-20 Hz), Nmod (20 -40 Hz), gamma (45-90 Hz). The filtering procedure and selection of frequency bands is described in detail elsewhere (Belitski et al. 2008) . The instantaneous band-limited power (BLP) was computed as the square of the absolute value of the Hilbert transform of the band-passed signal of each band (Belitski et al. 2008) . To extract the multiunit activity (MUA), the signal was band-pass filtered in the range of 1,000 -3,000 Hz and the absolute value of the signal was then taken. The MUA obtained in this way is thought to represent a weighted average of the extracellular spikes of all neurons within a sphere of ϳ140 -300 m around the tip of the electrode (Logothetis 2003) . To quantify the effect of LC stimulation, the BLP for each frequency range was first normalized to a 1-s prestimulus period (Z score). The evoked BLP response was computed over the entire interstimulus interval of 4 s. The degree of BLP response was estimated as an area under or above the curve of the evoked BLP response. The period for integration was defined from the end of LC stimulation until the BLP signal returned to within Ϯ1 standard deviation (SD) of the prestimulus values.
For single unit isolation, the signal was first high-pass filtered above 600 Hz and spike shapes exceeding at least twofold the background activity were extracted ( Fig. 2 ) Next, the template matching algorithm complemented by manual cluster analysis based on principal components and on specific waveform measurements was applied with Spike2 software. Both tetrode and single-electrode recordings were submitted to this analysis. The recording was classified as a single unit if a refractory period of at least 1 ms was present between two consecutive spikes (Fig. 2, B and C) . The isolated mPFC single units were further classified into putative pyramidal cells or interneurons on the basis of 1) the peak-to-trough amplitude ratio, 2) duration of the afterhyperpolarization, and 3) the spontaneous firing rate. In cases in which the recording technique and spike sorting method did not allow unambiguous single unit isolation, the recording was conservatively classified as MUA. Representative examples of the spike shape overlays for the LC-NE single-unit and multiunit clusters and putative pyramidal mPFC units with their corresponding interspike interval histograms are illustrated in Fig. 2 , B and C.
To characterize the effect of LC-DES on LC spiking activity, peristimulus raster plots and corresponding peri-stimulus time histograms (PSTHs) of the spike density were plotted Ϫ0.5 to ϩ1.5 ms around stimulation onset in 20-ms bins. Inspection of PSTHs revealed two major response profiles in LC: inhibition and excitation/inhibition. To classify the LC response type, the LC firing rate was converted to Z scores using 0.5 s of prestimulation period and averaged over all repetitions of the same stimulus parameter. We identified LC inhibition by the presence of at least one 20-ms bin within 100 ms after stimulus onset with a Z score less than Ϫ1.96. The excitation/inhibition responses were identified by the presence of the first poststimulus 20-ms bin with a Z score greater than 1.96. The response latency and duration were estimated by the time when the LC firing rate returned to the baseline level.
To characterize the mPFC single-unit responses to LC stimulation, PSTHs were plotted Ϫ1.0 to ϩ3.0 s around stimulation onset in 100-ms bins. To normalize the difference in firing rate across neurons, firing rate was converted to Z scores using 1 s before stimulation onset for normalization. Inspection of PSTHs obtained from cortical single units revealed three groups of responses: 1) short-latency inhibition occurring 0 -200 ms after stimulation onset (group 1), 2) short-latency excitation occurring 100 -300 ms after stimulation onset (group 2), and 3) long-latency and -duration excitation occurring 200 -1,000 ms after stimulation (group 3). We then identified group 1 and 2 units as those that had at least one 100-ms bin with a Z score less than Ϫ1.96 or greater than 1.96, respectively, within a 200-ms window after train stimulation onset. Group 3 units were identified as those that had at least two consecutive time bins with Z Ͼ 1.96 between 200 and 1,000 ms after stimulation onset. The proportion of responsive neurons was calculated for each group of mPFC units and for each of the 12 TR stimulation conditions. The two current intensities were eventually combined, yielding the six TR stimulation conditions reported in RESULTS. PSTHs were constructed for all units and for each stimulation condition. Mean and SE of firing rate of the responsive neurons in each group were plotted.
Depth of anesthesia and cortical state. The cortical state in most experiments was highly synchronized ( Fig. 2A, top) as reflected by predominant high-amplitude slow wave activity. However, under urethane anesthesia spontaneous transitions to a more desynchronized state are known to occur. It cannot be excluded that, in some instances, the LC-DES itself may affect the global cortical state. Thus, to characterize the cortical state at the time of LC-DES, we computed a cortical synchronization index (SI) by taking the ratio between total delta (1-4 Hz) power and total 1-90 Hz power of the mPFC LFP trace in the 1-s interval preceding stimulation (Curto et al. 2009 ). In addition, we calculated a cortical activation index (AI) by taking the ratio between total gamma (45-90 Hz) power and total delta (1-4 Hz) power of the mPFC LFP trace. The cortical state indexes (SI and AI) were calculated on a trial-by-trial basis, and the trials in the top and bottom quartiles were selected for further analysis. We repeated the BLP analysis, as described above, for the selection of trials that were characterized by high and low levels of cortical synchronization as reflected by SI. We also compared the responsiveness of mPFC single units (total spike count 500 ms after LC-DES) depending on the overall level of cortical activation by splitting the trials according to the high and low AI calculated over 500 ms after LC stimulation.
Statistical analysis. We used analysis of variance (ANOVA) with a significance level of ␣ ϭ 0.05 for evaluating the effects of each stimulation parameter (pulse duration, current intensity, stimulation frequency, and duration of stimulation) on LC and mPFC firing and changes in spectral composition of the LFP signal recorded in mPFC.
One-sample t-test was used for revealing a significant effect of each stimulation parameter on the changes in power for each frequency band.
Perfusion and histology. At the end of the experiment, the rat was euthanized with a lethal dose of pentobarbital sodium (100 mg/kg ip; Narcoren, Merial) and perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The brain was removed and stored in the same fixative. Before sectioning, whole brains were placed in 0.1 M PB buffer containing 30% sucrose until they sank. Serial 60-m-thick coronal sections were then cut on a horizontal freezing microtome (Microm HM 440E, Walldorf, Germany), collected in 0.1 M PB, and then directly stained or stored at Ϫ20°C in a cryoprotectant solution (30% ethylene glycol and 10% sucrose in 0.05 M PB) until further processing. Nissl staining was performed according to a standard procedure. Briefly, sections were mounted on gelatin-coated glass slides, defatted, stained with cresyl violet, rinsed with acetic acid, dehydrated, and coverslipped. The placement of silicone-based electrode arrays was visualized by preliminary coating of the back side of the shanks with fluorescent substance (dextran conjugated to Alexa Fluor 546, Invitrogen, Eugene, OR). All sections were examined with an AxioPhot or AxioImager microscope (Carl Zeiss, Goettingen, Germany) equipped with ϫ2.5, ϫ5, ϫ10, ϫ20, and ϫ40 planapochromatic objectives. Nissl sections were examined under bright field. Fluorescent sections were examined under epifluorescent illumination with custom-made sets of filters for Alexa Fluor 546 (AHF, Tuebingen, Germany). A small electrolytic lesion was made by passing constant current between the tip of the stimulating electrode and the ground wire (0.2 mV for 5 s) in order to identify the placement of the electrode tip on histological sections.
RESULTS
We examined the effects of electrical stimulation applied unilaterally to the LC core on spiking activity of putative LC-NE neurons ipsi-and contralateral to the stimulation site. The ipsilateral effects of LC-DES on the firing rate of LC-NE neurons were measured directly at the stimulation site and within dorsal-ventral extension of the LC core with multichannel linear electrode arrays. The mean firing rate of reliably isolated LC single units (25.4% of all isolated spike waveform clusters) was 2.68 Ϯ 0.32 spikes/s (range: 0.18 -7.37 spikes/s). Most of the LC spike waveform clusters (74.6%) did not satisfy single-unit classification criteria and were conservatively classified as MUA (firing rate range: 1.96 -71.6 spikes/s). All multiunit clusters mainly contained spikes of putative LC-NE neurons, as systemic clonidine injection (0.05 mg/kg ip) produced a transient cessation of firing shortly after injection. The recordings with "mixed" MUA (partial inhibition by clonidine) were excluded from analysis. We also characterized the LC-DES-induced modulation of neural activity in the mPFC, an important cortical target of LC, at the level of population activity (LFP) and single units. All LC-DES parameters tested effectively modulated LC neural activity, while only pulse trains produced detectable changes in the neural activity in mPFC. Histological examination of the brain tissue around the tip of the stimulating electrode confirmed the absence of any substantial current-induced tissue damage, and a large proportion of LC-NE neurons remained intact. Representative histological sections with the electrode tracks in LC and mPFC and reconstruction of the electrode placement for all experiments are illustrated in Fig. 1 .
Local effects of LC-DES. We used a dual recording/stimulation electrode for obtaining the extracellular spiking activity of LC at the stimulation site. The custom-built electric switch between the recording and stimulation modes was software controlled such that the stimulation mode was switched on 1 ms before LC-DES and switched off immediately after stimulation offset. As expected, the duration of DES-induced artifact was proportional to the voltage gradient produced by the current passed through the electrode tip. In the case of SP-DES, the recording signal was disturbed for 5-20 ms. The artifactrelated signal loss prevented reliable detection of the shortlatency LC response. Nevertheless, the most prominent local effect of LC-DES was a prolonged LC inhibition (Fig. 3A) , which exceeded severalfold the pulse duration (0.1-0.5 ms) and lasted from 9 to 470 ms. Furthermore, there was no systematic relationship between SP-DES parameters and duration of LC firing suppression [F 1,4 ϭ 0.74, not significant (ns) and F 1,6 ϭ 1.59, ns for pulse duration and current intensity, respectively]. Table 1 and Fig. 3B summarize the results obtained for different SP-DES parameters. Currents higher than 0.1 mA often led to complete loss of LC spiking activity at the dual stimulation/recording electrode, resulting in the smaller number of observations (Table 1) , which may have compromised the statistical power. However, the overall result remained the same when the data obtained with high currents (0.1 mA and 0.2 mA) were excluded from statistical analysis [F 1,4 ϭ 1.21, ns and F 1,6 ϭ 1.61, ns for pulse duration and current intensity, respectively].
LC-DES consisting of pulse trains (TR-DES) produced a markedly longer LC inhibition, which was proportional to the stimulation strength (Fig. 3, C and D) . There was no significant effect of current intensity (0.03 mA vs. 0.05 mA, ns), nor was there a significant interaction between TR-DES parameters; therefore, the data obtained for different currents were combined. Both a higher stimulation frequency (50 Hz vs. 20 Hz; F ϭ 33.1, P Ͻ 0.001) and a longer TR-DES duration (50, 100, or 200 ms; F 1,2 ϭ 12.7, P Ͻ 0.001) produced stronger LC inhibition (Fig. 3D) . The average suppression of LC firing greatly exceeded the TR-DES duration and lasted, for example, 285.3 Ϯ 67.3 ms and 1,252.2 Ϯ 126.9 ms for the weakest (50 ms at 20 Hz) and the strongest (200 ms at 50 Hz) TR-DES conditions, respectively.
Thus all LC-DES parameters tested in the present study elicited a long-lasting LC inhibition in direct proximity to the and D: dependence of LC inhibition on stimulation strength. Group averages (means Ϯ SE) are plotted for SP-DES (B, n ϭ 10 rats) and TR-DES (D, n ϭ 5 rats). For TR-DES, data from different current intensities (0.03-0.05 mA) were combined. Note that all SP-DES conditions were equally effective, while the duration of LC inhibition was proportional to the number of pulses within a train. stimulation site. The early LC discharge (latency Ͻ 5 ms) produced by depolarizing current may have been masked because of signal distortion by stimulation artifact.
Spatial extent of LC-DES: LC responses at distal recording sites.
In six experiments, we used 16-channel linear electrode arrays (0.1-mm spacing between the electrode contacts) for multisite recording within the dorsal-ventral extent of the LC nucleus. One electrode of the array served as the dual recording/stimulation electrode, while the remaining 15 channels monitored neural activity dorsal and/or ventral to the stimulation site, with 2-5 recording sites located within the LC nucleus (Fig. 1D ). This approach enabled monitoring of the LC firing rate modulation at different distances from the stimulation site. At distal recording sites (0.1-0.4 mm), the LC-DES also produced a prolonged LC inhibition, which in a few cases (6 of 37 total observations) was preceded by a short-latency (ϳ5 ms), brief LC discharge (Fig. 4) . The LC excitation/ inhibition response is illustrated in detail in Fig. 4C . In the remaining cases, the fast LC excitation was absent. In a small proportion of observations (23 of 120) LC-DES did not elicit any substantial firing rate modulation at distal (0.2-0.4 mm) recording sites; therefore these cases were excluded from quantitative analysis.
The maximal effect of LC-DES was observed within a radius of ϳ0.1 mm from the stimulation site, with the effect being substantially stronger when pulse trains were applied (Fig. 5A) . In contrast to the proximal LC-DES effects, which did not depend on DES parameters (Fig. 3B) , the duration of LC inhibition at distal recording sites linearly depended on stimulation strength (Fig. 5, B and C) . In the case of SP-DES, both longer pulses (F 1,4 ϭ 9.0, P Ͻ 0.001) and higher currents (F 1,3 ϭ 14.3, P Ͻ 0.001) produced proportionally longer LC inhibition. In the case of TR-DES, the duration of LC inhibition depended on 1) distance from the stimulation site (0.1-0.3 mm: F 1,3 ϭ 15.7, P Ͻ 0.0001), 2) TR-DES frequency (20 Hz vs. 50 Hz: F ϭ 9.5, P Ͻ 0.01), and 3) TR-DES duration (50 -200 ms: F 1,3 ϭ 5.3, P Ͻ 0.01), while the effect of current intensity (0.03 mA vs. 0.05 mA) did not reach statistical significance (F ϭ 3.5, P ϭ 0.064). There was no significant interaction between any of the factors.
Thus a mild monopolar electrical stimulation delivered to the LC core resulted in a dramatic modulation of the firing rate of LC neurons within a radius ϳ0.2 mm from the tip of the stimulation electrode. This result indicated that a large proportion of LC neurons were affected by DES, as expected in the rat LC, in which the neurons are tightly packed within a very small volume (ϳ0.7 mm anterior-posterior, ϳ0.2 mm mediallateral, ϳ0.4 mm dorsal-ventral planes; Paxinos and Watson 2005) . The LC inhibition was likely mediated by multiple mechanisms including 1) autoinhibition of the LC-NE neurons directly affected by the depolarizing current, 2) inhibition mediated by local NE release from DES-activated LC cells, and 3) antidromic activation of the brain stem inhibitory afferents to LC. Taking into account the LC regulation mechanisms mentioned above, the actual spread of depolarizing current was likely much less than ϳ0.2-mm radius, and therefore we assume that LC-DES minimally affected the LC neighboring structures.
Contralateral effects of unilateral LC-DES. In the contralateral LC, there was a spiking activity change in 85.0% (n ϭ 175) of total SP-DES observations obtained from 11 rats. Typically, the low-intensity currents (0.01-0.03 mA) produced almost exclusively LC inhibition, while the higher-intensity currents (0.05-0.2 mA) also occasionally elicited a biphasic (excitation/inhibition) response (Fig. 6) . Overall, the inhibitory response was present in 72.3% of different SP-DES conditions, while biphasic response was more rare (12.6%). The LC inhibition onset latency varied from 10 to 90 ms (28.24 Ϯ 1.53 ms), and the duration of LC inhibition varied from 10 to 400 ms (116.1 Ϯ 3.3 ms). Interestingly, neither latency nor duration depended on the SP-DES parameters (latency: F 1,4 ϭ 0.28, ns and F 1,6 ϭ 0.32, ns for current intensity and pulse duration, respectively; duration: F 1,4 ϭ 1.77, ns and F 1,6 ϭ 1.96, ns for current and pulse duration, respectively).
In the TR-DES experiments, similarly to the SP-DES (Fig.  6) , the first pulse of the train elicited either inhibition or excitation/inhibition, and the same response pattern would be repeated after subsequent pulses. Overall, the effect magnitude in the contralateral LC was weaker compared with the ipsilateral LC (Fig. 5) . Generally, stronger DES parameters were required to elicit reliable responses in the contralateral LC. As indicated in Tables 1 and 2 , the proportion of recordings affected by SP-DES increased with longer pulse duration and/or higher current intensity.
Thus the firing of LC neurons in the contralateral hemisphere was influenced by a putative interplay between the excitatory and/or inhibitory drive generated from the stimulated LC, likely via antidromic activation of bilateral brain stem afferents, and local autoinhibition. The contralateral effects were, however, substantially weaker compared with the ipsilateral side.
Bilateral rebound LC excitation. In addition to DES-induced fast modulation of LC activity (inhibition or excitation/inhibition), we consistently observed a delayed phasic excitation occurring ϳ100 ms after the stimulation offset (Fig. 7, A and  B) . Strikingly, this rebound LC excitation occurred bilaterally and always followed a DES-induced LC inhibition (Fig. 7 , C and D, and Fig. 8 ). As illustrated in Fig. 8 , the delayed LC excitation was observed exclusively at the distal (Ͼ0.2 mm) recording sites. Absence of the LC rebound activity at the proximal (0 -0.1 mm) recording sites was likely due to strong local LC inhibition. As described above, the inhibition strength gradually declined with distance from the stimulation site, where it could be overcome by LC excitation. Overall, the rebound activity was more consistently elicited in the contralateral LC; however, it was occasionally observed also at the stimulation site. In the ipsilateral LC, the rebound was present in 40.5% (n ϭ 15) of SP-DES tests (n ϭ 2 of 5 rats) and in 5.6% (n ϭ 25) of TR-DES tests (n ϭ 6 of 8 rats). In contrast, in the contralateral LC, the rebound was present in 59.7% (n ϭ 123) of SP-DES (n ϭ 10 of 11 rats) and in 60% (n ϭ 81) of TR-DES recordings (n ϭ 7 of 7 rats).
The rebound LC firing rate varied from 62.2% up to 928.0% of the prestimulation baseline rate, and the increase of firing rate during rebound was proportional to the stimulation strength (501.7 Ϯ 85.4% in case of 200-ms TRs at 50 Hz compared with 226.4 Ϯ 12.2% for all other conditions combined). The rebound peak latency consistently followed the duration of stimulation (F 1,2 ϭ 168.4, P Ͻ 0.0001). In case of TR-DES at 20 Hz, the rebound latency was 174.6 Ϯ 6.7 ms, 196.8 Ϯ 5.4 ms, and 292.7 Ϯ 5.2 ms for 50 ms, 100 ms, and 200 ms, respectively. The peak latency was slightly, but significantly (F ϭ 8.9, P ϭ 0.005) shorter for TR-DES at 50 Hz: 163.6 Ϯ 6.8 ms, 191.1 Ϯ 3.7 ms, and 264.0 Ϯ 5.4 ms for 50 ms, 100 ms, and 200 ms, respectively. Remarkably, the delayed rebound LC excitation elicited by TR-DES lasted on average 91.2 Ϯ 3.5 ms, regardless of pulse frequency (F ϭ 0.004, ns) and number of pulses (F 1,2 ϭ 0.035, ns). A short-latency (ϳ5 ms) burst of firing followed by prolonged inhibition is clearly seen at top left; this fast LC discharge was not detected at the more distal recording site (0.4 mm, right), while substantial firing inhibition was present. Bin size, 5 ms. Asterisk indicates the rebound excitation. B: averages for all cases showing excitation/inhibition (n ϭ 6 recordings) and inhibition (n ϭ 31 recordings) responses induced by SP-DES in the ipsilateral LC nucleus. Data obtained from all distal recording sites (0.1-0.5 mm from stimulation site) were combined (n ϭ 5 rats). Mean Ϯ SE normalized firing rate (Z score) is plotted for each response type. C: high-pass (600 Hz-8 kHz) filtered extracellular signal from the example recording shown in A, left, overlaid over 30 trials. Note a short-latency, brief LC discharge followed by long-lasting inhibition; the peak latency of LC burst is indicated. Bottom: the DES-induced LC burst at higher temporal resolution. Gray area indicates artifact-removal period (Ϫ1 to 4 ms). Arrows show SP-DES onset.
In summary, our results demonstrate that DES applied unilaterally to the LC core elicits fast inhibitory or biphasic (excitation/inhibition) responses in both LC nuclei. Unexpectedly, the unilateral LC-DES produced a delayed synchronous excitation of both LC nuclei occurring ϳ100 ms after stimulation offset. Most importantly, the LC firing pattern induced by DES resembled a characteristic response of LC-NE neurons to a strong excitatory input.
Effects of LC-DES on mPFC population activity. After the detailed characterization of DES-induced responses in LC, we examined the effect of LC-DES on mPFC neural activity ipsilateral to the LC stimulation site. We first focused on the frequency modulation in the LFP signal as indication of a potential change in synaptic input and intracortical processing (Logothetis 2003) . Under urethane anesthesia, cortical LFPs are characterized by regular high-amplitude fluctuations with dominant frequency of ϳ1 Hz (Fig. 2A, top) that reflect synchronous transitions of a large population of cortical neurons from Up (active) to Down (silent) states, often referred to as a "synchronized" cortical state (Clement et al. 2008; Curto et al. 2009; Steriade et al. 1993) . We restricted analysis to the periods of synchronized cortical state, as this state was predominant in our experiments. The average prestimulation amplitude of the filtered (1-4 Hz) and rectified signal was 0.17 Ϯ 0.01 mV and did not significantly differ between different LC-DES conditions. None of the SP-DESs affected the cortical LFP signal at any frequency range (data not shown). In contrast, TR-DES systematically produced transient (ϳ1 s) periods of cortical activation, or "desynchronization" reflected in the low-amplitude, high-frequency LFP signal (Fig. 9A) . Therefore, only the data from TR-DES were quantitatively analyzed.
To quantify the above observation, we used a BLP analysis (Belitski et al. 2008) . For each of the eight predefined frequency bands, the integral index of the evoked BLP response was subjected to statistical analysis (see METHODS for details). Figure 9B illustrates an example of LC-DES-induced BLP modulation in the mPFC. There was a significant effect of frequency band (F 1,7 ϭ 12.8, P Ͻ 0.001), indicating that the degree of signal power change varied across bands. Overall, the LC-DES caused a significant decrease at low frequencies (1-4 Hz and 4 -8 Hz; 1-sample t-test, P Ͻ 0.01) and a significant increase in all bands above 20 Hz, including MUA (Fig. 9C) . Typically, a stronger LC-DES elicited a stronger change in cortical state as reflected by both the magnitude of BLP change and the frequency ranges affected by LC-DES. Overall, the most consistent effect of LC-DES was observed for frequency ranges above 20 Hz, including MUA. The power modulation of lower frequencies was less consistent across TR-DES conditions, possibly because of spontaneous fluctuations of the depth of urethane anesthesia. For example, during prestimulation periods characterized by the highest delta wave amplitudes (Ͼ0.3 mV), the standard LC-DES failed to elicit cortical desynchronization, unless longer pulse trains and/or higher pulse frequencies were used (e.g., 500-to 1,000-ms trains of pulses at 100 Hz; data not shown).
To specifically address a question about the state-dependent effects of LC-DES, we calculated the cortical synchronization index (SI) by taking the ratio between total delta (1-4 Hz) power and total 1-90 Hz power of the mPFC LFP trace in the 1-s interval preceding LC-DES (Curto et al. 2009 ). The high and low SIs label the trials with high and low levels of cortical synchronization, respectively. We next split all TR-DES trials into three subgroups according to SI index and calculated the power for each band 1 s before and 1 s after LC-DES. The results are summarized in Table 3 and Fig. 9E . Overall, the DESinduced BLP modulation was detected for all groups of trials and all frequency bands. Moreover, as described above, the tendency for decreased power in the lower frequency range (1-20 Hz) and increased power in the high frequency range (Ͼ20 Hz) was present in all types of trials. The most prominent power decrease was observed for delta (1-4 Hz) band in a subset of trials with a highly synchronized cortical state (Fig.  9E ). Not surprisingly, there were no dramatic changes in the delta range during the "desynchronized" cortical state, which is characterized by low delta power. Importantly, LC-DES resulted in gamma (45-90 Hz) power increase independent of the cortical state (Fig. 9E ).
Finally, we tested whether the observed effects were mediated by NE release associated with LC discharge. In a subset of rats (n ϭ 5), we compared the LFP responses to TR-DES before and after systemic administration of clonidine (0.05 mg/kg ip), an agonist of ␣ 2 -adrenergic receptors. This dose of clonidine suppresses (ϳ50% baseline) LC spontaneous firing for at least 1 h after injection (unpublished observations) and reduces presynaptic NE release through a negative feedback mechanism (Langer 1980) . The data sets from TR-DES parameters that elicited reliable cortical desynchronization during baseline were included for analysis. LC-DES applied after clonidine injection was substantially less efficient in changing the cortical state, as reflected by significantly weaker BLP modulation for most of the frequency bands (paired t-test, P Ͻ 0.05 comparing BLP changes before and after clonidine injection), except for sigma (11) (12) (13) (14) (15) and Nmod (20 -40 Hz) bands (paired t-test, ns). Moreover, in the presence of clonidine the LC-DES did not elicit a significant power change in any of the frequency bands (Fig. 9D ). This result indicates that NE release in the LC subcortical and cortical targets critically contributes to cortical desynchronization.
Effects of LC phasic activation on mPFC single-unit activity.
We also analyzed the effects of LC-DES on the firing rate modulation of mPFC single units. Consistent with previous studies, SP-DES did not affect the firing rate of cortical neurons (Dillier et al. 1978; Mantz et al. 1988; Phillis and Kostopoulos 1977) . We found, however, that TR-DES produced three major response types (Fig. 10 ). Prior to their description, we note here that the changes in mPFC firing rate after LC-DES did not differ significantly between the two current intensities we tested (0.03 mA and 0.05 mA); therefore, we combined the data from both intensities for further analysis. Also, the preliminary analysis of mPFC responses within each cortical layer and mPFC subregion did not allow us to draw any convincing conclusions, and we therefore combined single units across all layers and subregions of mPFC (Fig. 1C) . The number of isolated single units for each of the six TR-DES conditions is indicated in Table 4 . Group 1 units were transiently inhibited, while group 2 and group 3 units were transiently excited after TR-DES (Fig. 10A) . It is important to note the jitter in the latency of increased spiking on each trial and the lack of response on some trials (Fig. 10A, left, raster plots) , which both indicate that the short-latency activation of group 2 units was not merely antidromic activation of mPFC afferents to the LC (Branchereau et al. 1996) . Regardless of the different response profiles, all mPFC single units included for analysis could be classified as putative pyramidal neurons on the basis of their spike waveform characteristics and spontaneous firing rate. The average peak-to-trough duration was 0.680 Ϯ 0.005 ms, peak-to-trough ratio was 3.24 Ϯ 0.04, and duration of afterhyperpolarization was 1.103 Ϯ 0.007 ms. None of the above features differed across groups 1, 2, and 3. The group 1 neurons had a slightly higher firing rate of 3.24 Ϯ 0.26 Hz Values are number and proportion (in parentheses) of response types for indicated DES currents.
compared with 1.28 Ϯ 0.09 Hz and 1.66 Ϯ 0.12 Hz for group 2 and group 3 neurons, respectively. We next compared the temporal dynamic of the firing rate modulation between different groups of mPFC units. A plot of the time course of firing rate change for all of the single units (n ϭ 291) recorded with the most effective LC-DES (200 ms at 50 Hz) illustrates the three responsive groups of units as well as the remaining units (group 4) that did not meet significant response criteria (Fig. 10B) . The group mean data obtained using the same LC-DES parameters for each group of units are plotted in Fig. 10C . Group 1 units were inhibited shortly (within ϳ100 ms) after the LC-DES onset, and this inhibition lasted for the entire duration of LC stimulation (t ϭ 200 ms) (Fig. 10C) . Group 2 units increased firing probability starting 100 ms after LC-DES onset, and the excitation lasted for at least 100 ms after the end of LC-DES (t ϭ 300 ms) (Fig. 10C) . Group 3 units were characterized by delayed excitation that began after LC-DES (t Ͼ 200 ms) (Fig. 10C) . Interestingly, firing rate remained elevated until t ϭ 700 ms, which is 500 ms after the last stimulation pulse. Notably, the time course of increased firing rate of group 3 units corresponded to the duration of LFP power change and increased MUA activity (Fig. 9, A and B) .
Further analysis revealed a systematic relationship between the LC stimulation strength (duration and frequency) and the degree to which mPFC single-unit firing rate was modulated. The two following observations support this result. First, the number of significantly modulated units increased with increasing stimulation duration and frequency (Table 4) . For instance, 74% of units remained nonmodulated by the weakest stimulation condition (50 ms at 20 Hz) whereas only 52% of units were nonmodulated in the strongest stimulation condition (200 ms at 50 Hz). Second, the magnitude of firing rate modulation was related to stimulation duration in all three groups of responsive units (Fig. 11) . For each group of responsive units, the plots in Fig. 11 illustrate the mean change (Z score) in firing rate across the population of responsive units. ANOVA (with 100-ms time bins as a repeated measure) revealed a significant interaction (P Ͻ 0.0001 for all comparisons) between LC-DES duration (50 -200 ms) and time bin in each group of units (with only exception for group 1 units, 20 Hz TR-DES, Fig. 11, top left) . Accordingly, longer duration of LC-DES was associated with greater mPFC inhibition (group 1 units, Fig. 11A , right) and greater mPFC excitation (group 2 and 3 units, Fig. 11, B and C) . Finally, we took advantage of the simultaneous recording of the population (LFPs) and single-unit activity in mPFC and correlated the overall magnitude of the cortical activation produced by LC-DES with responsiveness of mPFC single units. To this end, we calculated a cortical activation index (AI) by taking the ratio between total gamma (45-90 Hz) power and total delta (1-4 Hz) power of the mPFC LFP trace. High and low AIs label the trials characterized by high and low levels of LC-DES-induced cortical activation, respectively. We then selected the trials with the top and bottom quartiles of AI calculated over 500 ms after LC-DES and calculated the total spike count over the same time interval for each mPFC single unit in those selected trials. Cortical population activation (or desynchronization) was associated with greater responsiveness of single units to LC-DES in that DES-induced inhibition was stronger and DES-induced excitation was also stronger during trials with higher level of cortical activation as reflected by AI (Fig. 10D) . In the case of group 1 units, greater cortical activation produced by LC-DES was associated with stronger firing inhibition compared with the trials when LC-DES was less effective (t 303 ϭ Ϫ4.04, P Ͻ 0.0001). Similarly, in the case of group 3 units, greater cortical activation was associated with higher responsiveness at the single-unit level as estimated by the higher number of elicited spikes (t 696 ϭ 4.96, P Ͻ 0.0001). Interestingly, the spike count of group 4 units (nonmodulated) also significantly correlated with the level of cortical population activation produced by LC-DES (t 267 ϭ 4.0, P Ͻ 0.0001). Although "nonresponsive" units did not have a significant modulation of trial-averaged post-DES firing rate (group 4, Fig. 10B ), these neurons emitted more spikes during the subset of trials with a higher level of cortical activation. The spike count of group 2 units (fast excitation) did not depend on the cortical state (t 479 ϭ 0.05, ns).
Overall, our data demonstrate that LC phasic activation modulated mPFC ongoing activity at both single-unit and population levels. There was a systematic relationship between the LC stimulation strength and the magnitude of mPFC activity modulation. Specifically, the stronger LC stimulation affected firing rate of a larger number of mPFC single units, produced stronger modulation of single-unit firing, and reliably induced changes in cortical population activity. Clearly, a brief, mild electrical stimulation of the brain stem LC nucleus resulted in relatively quick (ϳ100 ms) and sustained (ϳ1 s) modulation of the mPFC activity.
Specificity of LC-DES. An important issue in any such study is the specificity of DES, namely, the degree to which electrical stimulation predominantly reflected activation of LC neurons rather than concurrent activation of neighboring neuronal populations. We have examined this in a number of control experiments. First, analysis of distal LC recording sites indicated that the spread of the depolarizing current was minimal (Ͻ0.2 mm). Therefore, stimulation of cell bodies and axons in neighboring structures is unlikely. Equally unlikely is the excitation of fibers of passage; however, such a possibility cannot be completely excluded. Second, in one experiment using the linear electrode array, we deliberately used the stimulating electrode contacts placed either in cerebellum or in the subcoeruleus region as control stimulation sites. In two additional experiments conducted under failure to target the LC, the placement of the stimulating electrode was 0.2 mm posterior to the LC core, in the medial vestibular nucleus, and 0.3 mm medial in the posterior dorsal tegmental nucleus. In all such cases of control stimulation (in cerebellum, subcoeruleus, medial vestibular nucleus, or posterior dorsal tegmental nucleus), we did not observe any detectable changes in the mPFC neural activity (data not shown).
DISCUSSION
In the present study we examined the effects of unilateral phasic LC activation by means of DES 1) on the firing rate of LC neurons and 2) on the ongoing neural activity in the mPFC, a prominent cortical target of LC that is most relevant for variety of cognitive functions. Although DES is a widely employed technique in neurophysiology and medicine, the current-induced effects on the neural elements being stimulated, as well as on their targets, remain poorly understood (Borchers et al. 2012; Logothetis et al. 2010) . The most consistent effect of LC-DES was sustained LC inhibition, which in some cases was preceded by a short-latency burst of firing and/or was followed by a delayed rebound LC excitation. The effects of LC-DES in the mPFC included a cortical state shift and bidirectional modulation of the firing rate in various populations of mPFC neurons. Importantly, the LC firing pattern produced by DES resembled the naturalistic response of LC-NE neurons to salient stimuli (Bouret and Richmond 2009; Bouret and Sara 2004; Chen and Sara 2007; Foote et al. 1980) . The latter observation makes DES a valuable experimental tool for investigating the role of phasic LC activation for behavior and cognition and the corresponding underlying neurophysiological mechanisms.
Response patterns elicited by DES in LC neurons. The most prevalent effect of LC-DES was a prolonged suppression of LC firing with inhibition onset latency of ϳ10 -30 ms. In some experimental conditions, the LC inhibition was preceded by a brief neuronal discharge. Both response profiles (inhibition and excitation/inhibition) were observed bilaterally; however, the DES effects were weaker in the contralateral LC. Our data are in agreement with a long-standing notion that the LC spikedependent mechanism substantially contributes to the LC sustained inhibition via local NE release from the activated LC-NE neurons and activation of ␣ 2 -adrenoreceptors (Aghajanian and VanderMaelen 1982; Ennis and Aston-Jones 1986) . In addition to autoinhibition, some LC-NE neurons, which were not directly excited by the depolarizing current, could be inhibited via volume NE release from the LC neurons that were affected by DES. The local LC inhibition could be also elicited by subthreshold stimulus intensities (Aghajanian et al. 1977; Ennis and Aston-Jones 1986; Watabe and Satoh 1979) . Finally, antidromic activation of LC inhibitory brain stem afferents, the nucleus paragigantocellularis (PGi) and the nucleus prepositus hypoglossi (PrH), and GABAergic neurons in the peri-LC dendritic zone (Aston-Jones et al. 1991b , 2004 Ennis and Aston-Jones 1989) may have also contributed to suppression of LC firing. The PGi provides both excitatory and inhibitory input to LC, and the PrH provides inhibitory input (Aston- Jones et al. , 1991b Ennis et al. 1992) . Therefore, we assume that, overall, the firing rate of a substantial population of LC neurons was modulated either directly by the depolarizing current or indirectly via local mechanisms regulating LC activity.
A slightly different mechanism may have mediated responses in the contralateral LC. There is no known monosynaptic connection between the two LC nuclei (Aston- Jones et al. 1991b; Luppi et al. 1995) . Therefore, the evoked response in the contralateral LC was a result of interplay between the excitatory and inhibitory contralateral LC afferents and local autoinhibition. It is also possible that unilateral LC-DES antidromically activated the contralateral axons of the LC afferents, PGi and/or PrH. Regardless of a particular response profile and underlying mechanisms, the duration of LC inhibition was proportional to the stimulation strength and inversely related to the distance from the stimulation site. Taking into account these results, we suggest that the duration of LC inhibition may, in principle, serve as a quantitative measure of the amount and spread of NE released by LC-NE neurons affected by DES.
The most striking and rather unanticipated finding of the present study was a rebound LC activation that occurred bilaterally ϳ100 ms after stimulation offset. The rebound phasic LC excitation was present in the contralateral and distal (Ͼ0.2 mm) ipsilateral LC recording sites. The rebound peak latency linearly depended on the DES parameters, while the duration of rebound activity (ϳ90 ms) was similar in all conditions. Typically, the rebound LC excitation was preceded by LC firing suppression and, in turn, could be followed by another period of LC inhibition. To our knowledge, the bilateral LC phasic excitation produced by unilateral LC-DES was experimentally demonstrated for the first time. This new observation is extremely valuable for the interpretation of existing and future studies employing unilateral LC stimulation. Specifically, this result indicated that unilateral LC activation will, most likely, result in substantial NE release in the contralateral forebrain targets of LC.
LC phasic activation rapidly modulates mPFC activity. The LC phasic activation by DES resulted in a rapid change of neural activity in the ipsilateral mPFC. First, we confirmed earlier observations that only trains of pulses were efficient in eliciting changes in cortical activity (Mantz et al. 1988; Olpe et al. 1980; Phillis and Kostopoulos 1977) . Our results showed that SP-DES delivered to the LC core with a weak current (0.01 mA) was sufficient to affect firing of the local LC 1 *** 1 *** Gamma (60-90 Hz) 1 ** 1 *** 1 *** MUA (1,000-3,000 Hz) 1 *** 1 *** neurons and that stronger currents affected activity of almost the entire LC nucleus; nonetheless, SP-DES did not modulate neural activity in the mPFC. In contrast, application of pulse trains, which may have mimicked naturalistic LC bursts and also produced bilateral LC rebound excitation, did modulate cortical activity. We found that populations of mPFC neurons were inhibited or excited by LC-DES. In some mPFC neurons (groups 1 and 2), the firing rate modulation had a relatively short (ϳ100 ms) onset latency and the activity returned to prestimulation level ϳ100 ms after stimulation offset. Another group of mPFC neurons (group 3; 9 -26%) increased spiking probability ϳ200 ms after LC-DES offset and remained ex- . Group 1 units were transiently inhibited immediately after LC-DES, while group 2 units were transiently excited. Group 3 units were characterized by a delayed and sustained (ϳ1 s) excitation. Group 4 units did not meet criteria for significant modulation of the firing rate. C: normalized firing rate for each group of mPFC units in response to the strongest LC-DES as shown in B. D: total spike count during the 500 ms after LC-DES onset (0.4 ms, 0.03-to 0.05-mA pulses at 50 Hz for 200 ms) for the lowest (lighter bars) and highest (darker bars) quartiles of the cortical activation index (see METHODS for more details). Note that the responsiveness of mPFC single units was greater in trials when LC-DES produced a higher level of the cortical population activation. *P Ͻ 0.0001 (paired t-test with unequal variances).
cited for up to 700 ms. The magnitude of response modulation correlated with the strength of LC-DES parameters in all groups of mPFC neurons. We found a substantially lower proportion of inhibited mPFC units (5-10%) compared with previous studies, which reported inhibition of ϳ50% of cortical neurons (Dillier et al. 1978; Mantz et al. 1988; Olpe et al. 1980; Phillis and Kostopoulos 1977; Sato et al. 1989) . The discrepancy of the results could be due to the milder LC-DES in the present study or cortical regional specificity. In contrast, we found a larger proportion of excited units (16 -39% combining group 2 and 3 units). Thus the LC-DES parameters employed here resulted in a shift of the excitatory/inhibitory balance of the mPFC to a more excitable state, which was also reflected in a transient (ϳ1 s) LFP desynchronization. Moreover, the mPFC neuronal responsiveness to LC-DES was proportional to the overall level of cortical population activation. These results imply that, in the behaving animal, the responsiveness of a single neuron will be more strongly modulated by NE if the neuron is within a currently activated large-scale network, as might transiently occur during particular periods of behavioral task performance. Testing this prediction in the future will bring new insights on the regional specificity of the effects of NE in relation to the discrete cognitive functions of a particular brain region or neuronal network. LC-DES induced sustained activation of mPFC neuronal networks. The dynamics of mPFC unit responses suggest that LC phasic activity may contribute to both fast and slow modulation of mPFC activity. The "fast" (Ͻ300 ms) LC modulatory route drives the excitatory response of group 2 units (fast, transient excitation), which in turn excite group 3 units (delayed, sustained excitation) via cortico-cortical or cortico-thalamo-cortical excitatory connections (Constantinople and Bruno 2011; Hirata and Castro-Alamancos 2010; McCormick et al. 1991) . The time course of sustained excitation of mPFC single units fits with accompanying changes in the LFP signal indicating transition from the synchronized to desynchronized cortical state. The sustained group 3 singleunit and MUA excitation and LFP desynchronization may reflect the "slow" modulatory route. Thus the NE release in cortex and/or thalamus caused by LC-DES may support cortical recurrent activation (i.e., "slow" modulation), which is a neuronal correlate of working memory (Durstewitz and Seamans 2006; Goldman-Rakic 1995; Wang 2001) . It is therefore important to note that iontophoresis of NE receptor agonists and antagonists can modulate cortical sustained spiking activity (Birnbaum et al. 2004; Huang et al. 2007; Sawaguchi 1998) , and NE drugs affect working memory in humans and animals (Arnsten 2011) .
Indeed, there is extensive evidence that the LC-NE system is involved in promotion and regulation of behavioral arousal (Berridge 2008) . It has been long known that naturally occurring (Aston-Jones and Bloom 1981) or experimentally induced LC activation desynchronizes cortical EEG (Berridge and Foote 1991; Dringenberg and Vanderwolf 1998; Olpe et al. 1980) . Unlike previous studies that mainly described effects of tonic LC activation, we focused here on phasic LC activation by applying brief (50 -200 ms) pulse trains, which model the LC burst firing in response to alerting stimuli. Our results indicate that a series of pulses presented at 50 Hz for 200 ms (total 11 pulses) was sufficient to shift the cortical state under urethane anesthesia. Our findings further support earlier studies demonstrating that LC spontaneous spiking is related to cortical excitability state in both behaving and anesthetized rats (Eschenko et al. 2012; Lestienne et al. 1997) . Spontaneous fluctuations of cortical excitability under anesthesia have been commonly used as a model for the natural level of network activity during alert states (Constantinople and Bruno 2011; Harris and Thiele 2011; Hasenstaub et al. 2007 ). Clearly, the dynamic properties of cortical excitability may differ in behaving animals, but we expect that LC phasic activation, caused by a feedforward or top-down excitatory input, may result in similar changes in cortical excitability as reported in the present study.
The modulation of mPFC excitability state could be a result of NE release directly in mPFC (Constantinople and Bruno . It has been shown that EEG desynchronization induced by LC activation can be blocked by cholinergic antagonists (Dringenberg and Vanderwolf 1997) or by blocking postsynaptic ␤-adrenergic receptors in the basal forebrain (Berridge and Wifler 2000) . It has been also suggested that NE promotes an active cortical state by inhibiting GABAergic neurons in the nucleus basalis via ␣ 2 -adrenergic receptors (Manns et al. 2003) . Recently, it has been demonstrated that optogenetic activation of cholinergic neurons of the basal forebrain results in cortical desynchronization (Pinto et al. 2013 ). In our own experiments, we also observed that LC-DES-induced cortical activation could be blocked by systemic administration of clonidine (0.05 mg/kg ip) or scopolamine (5 mg/kg ip; data not shown). We assume that the observed effect of clonidine was due to overall reduced NE transmission in the brain, while the DES-induced phasic NE release was most likely present. This assumption is based on our (unpublished) observations that despite the substantial suppression of LC spontaneous activity by clonidine, the phasic discharge of LC-NE neurons in response to a strong excitatory input, for example noxious stimulation, is preserved.
Thus cortical effects reported in the present study are likely mediated by multiple mechanisms that were triggered by LC phasic activation. Further investigations may identify the exact nature of interactions between LC phasic activation and other brain regions controlling cortical state.
LC-DES probes central NE modulation of prefrontal function.
We demonstrated that mild unilateral LC-DES elicits a biphasic response of LC-NE neurons bilaterally, which implies modulation of LC forebrain targets bilaterally due to associated NE release (Berridge and Abercrombie 1999; Florin-Lechner et al. 1996; Tanaka et al. 1976 ). The fact that LC phasic activation by DES produced a biphasic response of NE neurons resembling a naturalistic LC response to a salient stimulus in behaving animals (Aston- Jones et al. 1991a; Bouret and Richmond 2009; Bouret and Sara 2004; Foote et al. 1980) makes DES a useful tool for probing the effects of phasic LC activity on cortical state and the behavioral consequences of such activation (Sara and Devauges 1988) . Numerous behavioral studies have demonstrated the essential role of NE transmission in mPFC-mediated cognitive functions such as attention, working memory, and cognitive flexibility (Arnsten 2011; Sara 2009 ). It has been suggested that the LC phasic response may contribute to "resetting" or "tuning" cortical neurons so that they process information more efficiently (Berridge and Waterhouse 2003; Bouret and Sara 2005; Harris and Thiele 2011; Sara 2009 ). We have described activation of mPFC putative pyramidal neurons and a population shift to a more excitable state produced by LC-DES. This sustained (ϳ1 s or more) period of cortical activation may support optimal cortical processing according to attention or working memory demands (Arnsten 2011; GoldmanRakic 1995; Totah et al. 2009 ). Both the fast "reset" of cortical state and sustained activation may be supported by the phasic activation of the LC-NE system.
Concluding remarks on LC-DES specificity. The selectivity of DES has always been and continues to be a debated issue (Borchers et al. 2012; Logothetis et al. 2010) . Neither the passive current spread nor the identity of excited elements can be fully determined for a given current density, although studies of excitability (e.g., calculation of rheobase and chronaxie for any given stimulation site) provide an estimation of the current spread and excited population (Tehovnik et al. 2006) . In certain conditions optimal selectivity can be achieved by using the newly developed optogenetic tools, yet the actual selectivity of the latter method depends on the microconnectivity of a given structure. In cortex, for instance, the strongly recurrent connectivity underlies both signal amplification and balance between excitation and inhibition; therefore optogenetic stimulation has virtual selectivity indeed. Selective activation of a particular neuronal group will unavoidably result in instant activation of the entire local network (Logothetis 2010) . Taking into account the widespread distal and local LC connectivity, application of either optogenetic or DES stimulation will not, for example, prevent orthodromic activation of the multiple direct targets of LC, which may or may not take place during naturalistic LC discharge. Optogenetic stimulation will undoubtedly spare antidromic activation of fibers, and it may prove useful to compare the connectivity patterns induced by the two methodologies in the near future. Yet DES remains a valuable experimental tool with great translational value. Better understanding the local and distal effects of DES in general, besides extending basic scientific knowledge, has important clinical relevance.
